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Nutrient management in nursery production of containerized plants can optimize rapid growth, which is necessary to shorten production schedules and maintain profi t margins as well as affect establishment success after transplant into a landscape environment. 'Nutrient loading' of plants in the nursery has been proposed as a strategy for increasing growth of transplants the years following outplanting, when nutrient uptake may be limited by root damage. Remobilization of stored nutrients stimulates increased shoot growth after transplanting (McAlister and Timmer 1998) . However, nurseries are also under increasing pressure to conserve water and limit nutrient runoff. These confl icting management objectives may be resolved when water and nutrient requirements for optimal growth have been determined. Recent studies have shown that it is possible to decrease fertilizer use in nursery production of containerized plants without sacrifi cing plant growth (Cabrera, 2002; Rose et al., 1999; Struve and Rose, 1998) . In fact, research suggests that reducing irrigation in the nursery actually increases root development and post-transplant success of some ornamental plants (Franco et al., 2002 a,b; Khan et al., 1996) . Hamilton et al. (1981) has suggested that conservative use of fertilizer in nursery production may increase establishment and stress tolerance of plants once they reach the landscape. They argue that lower nutrient concentrations increase root growth relative to shoot growth, resulting in increased stress tolerance. Other studies have shown that reduced fertility regimes can increase insect and disease resistance by decreasing the nutritional value of the plants for microbes and insects, and by increasing concentrations of plant defense compounds (Herms, 1999; Herms and Mattson, 1992; Rieske et al., 2003) .
While reducing fertilization and irrigation frequency in the nursery may be an opportunity to enhance plant establishment post transplant in the landscape, little research has addressed the wide spectrum of infl uences that limitations may have beyond above and below ground growth. The objectives of our study were to determine what impacts fertilization and irrigation practices in the nursery have on growth and innate stress resistance traits of a woody plant following outplanting into the landscape.
Material and Methods
Rooted cuttings of Malus 'Sutyzam' were transplanted to 8.6 L (no. 3) polyethylene containers with soilless growing media (Metro Mix 510; The Scotts Co., Marysville, Ohio). Trees were placed in an outdoor container yard (in Columbus, Ohio) and hand watered. After an establishment period of about 11 weeks, the experiment was set up in a randomized complete block design (eight blocks) with stem diameter used as a blocking factor. Fertilizer and irrigation treatments began on 1 July 1997 and continued through 8 Oct. 1997 and 12 Nov. 1997 respectively. During the treatment period plants were covered to exclude rainfall. Treatments consisted of factorial combinations of three fertilizer and two irrigation treatments provided through an electronic fertigator that calculated the amount of water and fertilizer needed to obtain the rates listed below . Fertilizer concentrations (FC) were nitrogen at 50, 200, and 350 mg·L -1 from soluble 24N-3.5P-13.3K fertilizer Scotts Co., Marysville, Ohio) . A system of water-driven proportional injectors (Dosatron International, Inc., Clearwater, Fla), polyethylene tubing, and 4 L·h -1 emitters delivered fertilizer solutions to the pots until 8 Oct. 1997 when fertilization was discontinued.
Irrigation treatments were scheduled based on moisture tension levels within the medium. The high moisture treatments were irrigated at 7 kPa, which corresponded to 50% container capacity moisture defi cit; low moisture treatments were irrigated at 18 kPa, which corresponded to 25% container capacity moisture defi cit. Container capacity was determined in two separate trials to be about 4 L for the 8.6-L container with the soilless media. Each irrigation event restored container capacity; low moisture treatments received 2 L and high moisture treatments received 1 L during each event. Irrigation events were monitored and controlled by electronic tensiometers (Rose 1994) . A single tensiometer was used to control each moisture setpoint, with ceramic cups positioned 5 cm from the bottom of the pot, equidistant from the side of the pot and the stem axis. Tensiometers controlled irrigation through 12 Nov. 1997 when irrigation ceased. The following spring, trees were hand watered as needed with no additional fertilization.
On 26 June 1997, a preliminary harvest of three representative plants was made to assess initial dry weight and nutrient status before treatments began. On 9 Sept. 1997, while plants were in active growth, 1 plant per block and treatment combination was harvested (8 plants per treatment combination for a total of 48 plants). On 1 Dec. 1997, after leaf abscission, another 1 plant was harvested from each block and treatment combination. Leaves that abscised from trees harvested in December were collected in mesh bags placed over the trees in late October. On each harvest date, trees were separated into leaves, stems, and roots. Leaf areas were measured in September only using a LI-COR 3100 area meter. All samples were dried at 70 °C, weighed, and ground to pass through a 40-mesh screen. Samples were sent to the Ohio State University Research Extension Analytical Laboratory, Wooster, Ohio for dry combustion analysis of nitrogen (Rose, unpublished) .
Malus 'Sutyzam' trees from the container research nursery, were planted in the same randomized complete block design at the Ohio Agricultural Research and Development Center (OARDC) in Wooster, Ohio on 29 May 1998. The trees were divided into eight blocks with six trees per block representing the treatments they had been under in the nursery for a total of 48 trees.
The site had formerly been planted with turf, which was removed around each planted tree. Surrounding vegetation was mowed during the experiment. A low maintenance landscape was maintained in the fi eld through 1998 and 1999. Trees were not fertilized or mulched and were irrigated only three times: on the day of transplanting, again one week later, and fi nally on 4 Aug. 1998, during a period of drought.
To determine effects of prior year nursery treatment on tree physiology we measured caliper growth, height growth, photosynthesis, stomatal conductance, and phenolic concentration of foliage. Caliper growth, measured as the increase in trunk diameter 50 cm above the ground, and height growth were determined by the difference in measurements between 17 June and 23 Oct. 1998 and between 23 Oct. 1998 and October 1999. Twelve fully expanded leaves were randomly collected throughout the canopy from terminal growth in June of each year. Leaf area was determined using the Computer Image Analysis System (CID, Inc., Camas, Wash). Leaf mass per area (LMA) was then calculated after leaves where dried and weighed. Samples were then sent to the Ohio State University Research Extension Analytical Laboratory, Wooster, Ohio for dry combustion analysis of N. Carbon acquisition of the crabapples was assessed by measuring net photosynthesis rate (µmol·m -2 ·s -1 ) on fully expanded leaves using a portable photosynthesis system (LI-6200; LI-COR, Inc., Lincoln, Nebr). Measurements were taken on cloudless mornings on 30 and 31 July in 1998 during the drought and on 1 Sept. 1998, following the end of the drought. One single-leaf measurement was made on each tree on each sampling date.
Evaporation exceeded precipitation by 15.13 mm the three weeks before the July photosynthesis measurements and the site received no precipitation the week before30 and 31 July. The 1 Sept. 1998 measurement followed the end of the drought when 17.00 mm of precipitation fell between 23 and 29 Aug. 1998) (OARDC Climate Records, 1998). Additional photosynthetic measurements were made in 1999 to coincide with similar conditions as were measured in 1998.
On 4 Aug. 1998 and 9 June 1999, 12 leaves were sampled from throughout the canopy of each tree to determine treatment effects on foliar concentration of total phenolic compounds. Leaf age was standardized by sampling only foliage produced during fi rst bud break. Immediately upon removal from the plant, leaves were fl ash-frozen in liquid nitrogen, placed in a cooler on dry ice, and transported to the laboratory where they were stored at -80 °C until they were lyophilized while being held at 4 °C. After freeze-drying, the tissues were weighed and milled to pass through a 40-mesh screen. These samples were subsequently stored frozen until they could be analyzed.
Total foliar phenolic concentrations were quantifi ed using the Folin-Denis assay modifi ed for use with a continuous fl ow analyzer as documented in detail by Nitao et al. (2001) . Before analysis, a 70-mg aliquot was extracted in 50% methanol for 1.5 h. Purifi ed tannic acid was used as a standard. Concentrations were reported as tannic acid equivalents (TAE) on a percent dry weight basis.
Twelve fully expanded leaves were randomly collected throughout the canopy from terminal growth in June of each year for foliar nitrogen analysis. Samples were sent to the USDA Forest Service Laboratory in Rhinelander, Wis., for dry combustion analysis of nitrogen.
Three experiments were conducted to determine effects of nursery fertilizer and irrigation treatments on insect performance. On 7 May 1998, before out planting, experiments were initiated with third instar eastern tent caterpillar (Malacosoma americannum) and third instar gypsy moth (Lymantria dispar), both of which are spring-feeding insects. To determine if effects on insect performance
Eastern tent caterpillar larvae were collected from native populations; whitemarked tussock moth and gypsy moth larvae were provided by the Canadian Forest Service (Insect Production Unit, Great Lakes Forestry Centre, Sault Ste. Maries, Ont., Canada). The experiments were repeated in 1999 on 20 Apr., 11 May, and 21 Aug. Each of the three experiments was conducted under controlled conditions in the laboratory. Larvae were fed foliage from the experimental trees and their growth determined by measuring their weight immediately before and after the experiment. Each larva was fed fi ve leaves from one tree. Leaves and caterpillars were confi ned to petri plates (15 cm in diameter, 2.5 cm high) containing a base of plaster of paris for 48 h or 10 d. Water added to the plaster base provided a high humidity environment, which maintained the turgor of the leaves. Petri dishes were then randomly positioned in a growth chamber maintained at 25 °C with an 18 and 6 h day and night photoperiod.
Data was analyzed using ANOVA to examine main effects of water and fertilization and to determine if there were interactions between the effects. Differences between means were discerned by using LSD means separation at p = 0.05 (SAS 1999). Pearson's Correlation coeffi cient (r) was used to examine if there were linear relationships between growth and foliar phenolic analysis and regression was utilized to discern if there is a causal relationship between nitrogen availability and plant diameter growth.
Results and Discussion
Tree growth. Trunk diameter and height growth in the landscape was related to both irrigation and fertilization treatments from the nursery in 1998 (irrigation: F = 8.27, p = 0.001; fertilization: F = 4.03, p < 0.026). Trees irrigated at 25% container capacity and fertigated at highest fertilization rate had the greatest diameter growth in the landscape (Table 1) . Irrigation schedule in the nursery had no infl uence on diameter growth in the landscape when plants were grown with N at 50 mg·L -1 (Table 1) . Diameter growth of plants grown with N at 200 mg·L -1 was greatest when plants received the high irrigation treatment. Trees irrigated at 25% container capacity and fertigated at either the moderate or high fertilizer rate had the greatest height growth in the landscape (Table  1) . Irrigation in the nursery had no infl uence on height growth in the landscape when plants were grown with N at 50 mg·L -1
. Increasing the nitrogen rate in the nursery had no infl uence Means within a row followed by the same letter are similar (p < 0.05; n = 48).
on height growth of plants receiving the high irrigation treatment; however increasing the nitrogen rate in the nursery did increase height growth of plants that received the low irrigation treatment. LMA was not infl uenced by fertilizer or irrigation treatments in the nursery. Stem growth, measured as dry weight, was greatest for the low fertilizer treatment in the nursery (Rose, unpublished data) . The difference in which treatment had the greatest trunk growth between the nursery and landscape can be explained if nitrogen accumulated by the tree in the nursery was stored and then used to support growth the following year. Indeed, plants with higher N concentrations in December 1997 grew more in the landscape in 1998 (Fig.  1) . The differences in growth in 1998 did not continue through 1999, further supporting this hypothesis.
Photosynthesis and stomatal conductance. As plants are stressed by moderate to severe drought, photosynthesis becomes limited by closure of stomata. Stomatal conductance is a measure of the rate at which water vapor moves from the leaf through the stomata to the atmosphere via transpiration. As stomata close and transpiration decreases, stomatal conductance declines. Closure of stomata conserves water by decreasing transpiration, but at the same time decreases uptake of CO 2 from the atmosphere.
Plant responses to drought are genotype specifi c. Drought tolerant plants maintain higher rates of photosynthesis and stomatal conductance during drought than do plants that are less tolerant of drought stress (Kubiske and Abrams 1993; Schulze 1986 ). Thus, since the trees were clones any differences in drought tolerance can be related to the nursery treatments before transplant.
The fertilizer regime used in the nursery had clear effects on drought stress tolerance following outplanting in 1998 (Table 2) while irrigation in the nursery had no effect on drought tolerance after planting. Trees receiving the lowest rate of fertilizer in the nursery maintained signifi cantly higher photosynthesis and stomatal conductance rates compared to those of trees receiving the high fertilizer treatments rates during the drought period (Table 2 ). This indicates that plants grown at low fertility in the nursery were more tolerant of drought conditions in the landscape than plants grown at a higher fertility in the nursery. On 1 Sept. 1998, after drought conditions had abated, the photosynthesis and stomatal conductance rates of all trees increased dramatically and treatment effects on photosynthesis rates were absent. Stomatal conductance of trees grown with the highest fertilizer rate in the nursery, however was still signifi cantly lower than stomatal conductance of trees in other fertility treatments. The effect of fertilization rate in the nursery on photosynthesis and stomatal conductance that were observed in 1998 did not occur in 1999, suggesting that the treatments were no longer affecting tree performance. Photosynthesis rates for 1999 ranged between 0.76 and 21.01 µmol·m -2 ·s -1 and were not infl uenced by fertilization or irrigation treatments (F = 0.66, p = 0.78).
High rates of N-fertilization may decrease drought stress tolerance for a number of reasons. Increased nitrogen availability generally stimulates shoot growth to a greater degree than root growth, thus decreasing the root:shoot ratio of the tree (Linder and Rook, 1984) . In this way, fertilization can simultaneously increase tree water demands while decreasing the tree's ability to acquire water during drought. Trees receiving the low fertilizer treatment in this experiment had a higher root:shoot ratio when they left the nursery (Rose et al. 1999 ), which could have been responsible for their increased tolerance of drought stress.
Foliar phenolic concentration. Trees in the landscape with larger trunk diameters had lower concentrations of phenolic compounds in the foliage (Fig. 2) regardless of irrigation treatment. This negative relationship is consistent with a trade-off between growth and carbohydrate allocation to secondary defensive chemistry (Herms and Mattson 1992) . The reduction in phenolics suggests that the rapidly growing trees from the high fertility treatments were allocating less photosynthates to secondary processes compared to trees grown at lower fertility in the nursery.
The high rates of fertilizer may have decreased drought stress resistance through effects on the chemical composition of leaves. A well-documented effect of high fertilization rates is a decrease in foliar concentration of tannins and other secondary metabolites that provide trees with stress tolerance and insect resistance (Herms and Mattson, 1992 , Keinanen et al., 1999 , Ruohomaki et al., 1996 . Tannins impregnate the outer wall of epidermal cells, making them more impervious to water, and thus contribute to water conservation under stress (Bussotti et al., 1998) .
Insect performance. Numerous studies provide strong evidence that fertilization almost always decreases resistance of trees to defoliating insects (Herms, 2002) , most likely because fertilization generally increases the nutritional value of plants and decreases concentrations of the trees defensive chemicals (Herms and Mattson, 1997) . Our results with crabapples are consistent with this pattern. As the fertilizer rate used in the nursery increased, so did the insect weight growth (Fig. 3) . Irrigation effects were imperceptible. This pattern was true for both early season (gypsy moth and eastern tent caterpillar) and late season (whitemarked tussock) species, however the increase in weight growth for white-marked tussock moths between the moderate and high fertility treatments was not signifi cant. As with the other parameters we measured, differences in insect performance were not detectable in 1999. Thus the impact of nursery treatments on the insect performance of larvae feeding on the crabapples appears also to be related to the environmental resources from the previous season.
Conclusions
The fertilization and irrigation regime used during the growing season in the nursery had major effects on the growth (height and trunk diameter) after outplanting. The impacts of irrigation scheduling, however, had little impact on the stress resistance traits of the trees in our study.
Fertilization was the primary infl uence on stress tolerance, and insect performance on 'Sutyzam' crabapple in a low-maintenance landscape the following season.
Increased N concentrations of trees in the nursery can increase tree growth in the landscape, however, trees subjected to higher fertilizer rates in the nursery showed decreased drought stress tolerance and supported greater insect growth once they were in the landscape. Decreased stress tolerance may be a result of the lower root:shoot ratios and decreased concentrations of naturally-occurring defensive chemicals in trees grown at high fertility compared to trees grown with less fertilizer. Our results show that trees grown in favorable nutrient environments in the nursery may be more susceptible to stress when placed in a landscaped setting the year following transplant. However this effect appears to be temporary until the trees acclimate to their new growing conditions. Fig. 3 . Effect of fertilization regime in the nursery on the larval weight growth (fi nal weight -initial weight) of eastern tent caterpillar (A), gypsy moth (B), and white-marked tussock moth (C) larvae feeding on Malus 'Sutyzam' spring foliage (mean ± standard error; n = 48). Literature Cited
